␥-YAC mice from fetal to neonatal stages and altered kinetics and delayed switching of adult ␤-globin. This regulation evokes the two human globin switching patterns in the mouse. Both patterns of DNA demethylation and chromatin immunoprecipitation analysis correlated with gene activation and open chromatin. Locus control region (LCR) interactions detected by chromosome conformation capture revealed distinct spatial fetal and adult LCR bigenic subdomains. Since both intact fetal promoters are critical regulators of fetal silencing at the adult stage, we concluded that fetal genes are controlled as a bigenic subdomain rather than a gene-autonomous mechanism. Our study also provides evidence for LCR complex interaction with spatial fetal or adult bigenic functional subdomains as a niche for transcriptional activation and hemoglobin switching.
Developmental and tissue-specific expression of multigene loci of higher eukaryotes involves concerted regulation from distal and proximal elements for gene transcriptional activation or silencing. To understand the dynamic control of specific expression patterns and to characterize chromosomal organization, the human ␤-globin locus is an excellent model system, based on several regulation and mutation studies. The human ␤-globin locus consists of a locus control region (LCR) and five ␤-like globin genes expressed sequentially in development, based on their order within the locus (5Ј-ε-G ␥-A ␥-␦-␤-3Ј). The first gene, ε, is expressed in the yolk sac during primitive erythropoiesis, and then a switch to the duplicated fetal globin genes, G ␥ and A ␥, initiates liver definitive erythropoiesis. At birth, a second globin switch occurs when the fetal genes are silenced and the adult genes, ␤ and ␦, in the bone marrow become activated. Expression of the ␤-globin cluster is enhanced by the major hypersensitive DNase I sites or LCR, situated upstream of the ε-globin gene.
The molecular bases of the human ␤-like globin gene-LCR interaction in developmental stage-specific expression are complex. Early studies of individual human ␥-and ␤-globin genes in transgenic mice have delineated, despite low expression and integration position effects, that proximal regulatory sequences of these genes are sufficient for an appropriate developmental expression pattern in the mouse. Expression of the human G ␥-and A ␥-globin genes was confined to primitive erythroid cells, whereas that of the adult ␤-globin gene was present in definitive erythroid cells. Experiments using miniconstructs/miniloci with an intact or dissected LCR linked to ␤-like globin genes conferred high-level expression but also provided additional insights into the regulation of the locus. Regulation of the ε-globin gene linked to the LCR indicated an autonomous mechanism for both activation in primitive erythropoiesis and silencing in definitive erythropoiesis (47, 53) . Fetal G ␥-and A ␥-globin genes with sufficient promoter lengths are also reported to undergo substantial gene-autonomous silencing in definitive erythroid cells (14) , but an additional interplay between the ␥-globin genes and the adult ␤-globin gene appears necessary for proper hemoglobin switching (36, 50, 54) . Indeed, the adult ␤-globin gene linked to the LCR requires a ␥-globin gene or additional regulatory elements for restricted adult activation (25) , indicating regulation by reciprocal competition. When the entire ␤-globin locus with the LCR contained in a yeast artificial chromosome (YAC) is used as a transgene, the temporal and tissue gene regulation recapitulates the hemoglobin switching mechanism in the mouse, making this experimental system most relevant for studies on the mechanisms of the fetal-to-adult globin switch.
A model of competition between genes has been supported by a number of studies, including evidence for physical interactions between the LCR and one globin gene at a time by in situ hybridization analysis (63) . Long-range physical interaction of the LCR with globin genes was proposed to form, through spatial looping, an active chromatin hub regulatory mechanism (15, 17, 43) . Although temporal expression is in part regulated by interactions between the LCR and the globin genes, it is relatively well recognized that distance, polarity, or gene order relative to the LCR plays a critical role in the regulation of all ␤-like globin genes. Indeed, globin gene dis-
FIG. 1. Production of PBGD
A ␥-YAC mice and characterization of transgenic lines. (A) The human ␤-globin locus in a YAC was modified by replacement of the 887-bp proximal A ␥ promoter (pr. A ␥), from positions Ϫ838 to ϩ49 (SapI to BsaHI fragment), with the equivalent region (887 bp) of the erythroid-specific PBGD promoter (pr. PBGD) that spans positions Ϫ815 to ϩ72 (BamHI fragment). (B) Analysis of the PBGD A ␥-YAC construct by use of different restriction enzymes (EcoRI, HindIII, BamHI, PstI, and BstEII) on the modified human ␤-globin YAC obtained by placement or the use of marked globin genes at different positions in the locus or at various distances from the LCR influences the expression pattern (2, 10, 26) . A tracking model is also supported by the production of distinct intergenic transcripts within the locus that would be implicated in remodeling/ opening chromatin subdomains at different temporal stages to activate particular ␤-like globin genes (24, 46) .
All of these mechanistic models postulate that sequences in proximity to or within the genes are required for developmental activation and repression of the ␤-like globin genes (58, 59) . Studies of fetal gene regulatory elements have identified the binding of key transcription factors within the ␥-globin proximal promoter (35, 41, 50 ) that frequently overlap with point mutations found in human hereditary persistence of fetal hemoglobin (HPFH) (reviewed in reference 19). In addition, hemoglobin switching studies on the A ␥-globin promoter/gene in a ␥-␤ minilocus did not delineate whether only the ␥-globin promoter or any active promoter could prevent activation of ␤-globin at the embryonic stage (1, 25, 51) . While these experiments used promoters that can be active at all stages of development, it is not clear whether a heterologous (Tk) promoter of low transcriptional activity, similar to the ␥-globin promoter, or a strong erythroid promoter (␤-spectrin) independent of the LCR can fully explain the above-mentioned discrepancy. Furthermore, it cannot be excluded that the gene distance from the LCR, a truncated LCR, and/or the absence of some ␤-like globin genes may influence the mechanism of the fetal-to-adult hemoglobin switch.
To evaluate the role of the A ␥ promoter and to clarify the interaction of the LCR with the ␤-like globin genes in hemoglobin switching, replacement of the A ␥ promoter by the erythroid-specific and stage-independent porphobilinogen deaminase (PBGD) gene promoter was undertaken in a human ␤-globin YAC for production of transgenic mice. This promoter was selected because it has similar transcriptional potential to that of the ␥ promoter, it is regulated by a cognate group of trans-acting factors, like the globin promoters, and particularly, it can be activated by the LCR (16, 27, 38, 39) . RNA/protein expression analysis of all human ␤-like globin genes in transgenic PBGD A ␥-YAC mice showed major activation of the native G ␥ gene at the fetal/adult stage and delayed activation of the adult ␤-globin gene that evoked the two hemoglobin switching patterns in humans. Our data show that both intact G ␥ and A ␥ promoters are required for appropriate adult silencing, supporting a fetal gene pair or bigenic control mechanism. Interactions of the LCR with ␤-like globin genes, determined by chromosome conformation capture (3C), suggest a model of hemoglobin switching regulation that consists of fetal and adult bigenic conformational subdomains creating a transcriptionally active niche or hub with the LCR complex.
MATERIALS AND METHODS
Oligonucleotide primers. A list of all primers used in this study is provided in the supplemental material.
Production of PBGD A ␥-YAC. The yeast integrating plasmid (YIp) pRS-PBGD A ␥ was produced by first ligating an upstream A ␥ MscI-SapI blunted fragment (positions Ϫ3423 to Ϫ838) isolated from pVZ-ES into NotI-digested and blunted pRS406 vector. Secondly, the 887-bp human PBGD promoter was obtained by nested PCR amplification from human DNA, digested with AvrII and BamHI, blunted, and ligated into the XbaI-BamHI blunted YIp, creating a ClaI site. Thirdly, a downstream A ␥ BsaHI-EcoRV blunted fragment (positions ϩ49 to ϩ6558) obtained from the FC12 cosmid was ligated into the blunted ClaI site. By this strategy, a sequence (GGCCGCTCTAG) of the polylinker was located at the SapI-AvrII junction, between the 5Ј A ␥-globin region and the PBGD promoter, and 3 bp (CGC) was located at the BamHI-BsaHI junction, prior to the A ␥-globin ATG, which did not alter the Kozak sequence. After being sequenced, pRS-PBGD A ␥ linearized at the BspEI site was transformed into a spheroplasted 150-kb wild-type ␤-YAC-containing S. cerevisiae strain (A201F4) by the pop-in/pop-out method (44) . Briefly, transformed yeast cells were selected on Trp Ϫ Lys Ϫ Ura Ϫ dropout plates, and pop-in clones were isolated and characterized by Southern blotting. Clones with proper integration of the YIp pRS-PBGD A ␥ were then plated on 5-fluoroorotic acid, and several pop-out PBGD A ␥-YAC clones were isolated. The PBGD A ␥-YAC obtained was characterized by Southern blotting, using five probes covering different genes of the locus, including HS2 (HpaI-HindIII; 1.6 kb), ε (ClaI-PvuII; 0.9 kb), ␥ (StuI-SphI; 2.6 kb), 5Ј
A ␥ (BanII-SapI; 1.3 kb), and ␤ (BamHI-SphI; 1.1 kb). While the 5Ј A ␥ probe was used on EcoO65I digests, all other globin probes were used on EcoRI, PstI, BamHI, and HindIII digests. The right and left arms of the YAC were analyzed using two specific probes on undigested or digested DNA (KpnI or SfiI/SalI fragments) separated by pulsed-field gel electrophoresis (PFGE).
Production and characterization of transgenic PBGD A ␥-YAC mice. The PFGE-purified PBGD A ␥-YAC was microinjected into (C57BL/6J ϫ CBA/J) F2 oocytes (60) . The transgene was characterized by Southern blotting with EcoRI digestion, using HS2, ε, ␥, and ␤ probes as described above. The presence of the two arms of the YAC was assessed by PCR (9) . Transgenic mice were produced on a mixed C57BL/6J and CBA/J background and selected as homozygous for the murine ␤-globin haplotype "diffuse" (60) . A mouse line containing the parental 150-kb wild-type human ␤-globin locus (␤-YAC) (9) was used as a control. All experiments conformed to the standards of the Canadian Council on Animal Care.
Quantification of globin mRNA. Total RNAs from embryonic day 10.5 (e10.5) yolk sacs, e12.5, e14.5, and e16.5 fetal livers, newborn spleens, and adult bone marrows of PBGD A ␥-YAC lines (PY367, PY418, and PY465) and one ␤-YAC line were extracted using TRIzol reagent. Total RNA was DNase I treated and reverse transcribed with Moloney murine leukemia virus reverse transcriptase. Quantitative real-time PCR was performed with Quantitech SYBR green and 0.3 M of each primer. Both S16 and glycophorin A were used as normalizers of input cDNA. Triplicates were done for each PCR amplification, carried out on an Mx4000 quantitative PCR machine, except for ␦/␤ analysis, which was performed on an Mx3005P machine. Relative values were calculated using Mx4000 v4.20 or MxPro v3.00 software. Expression studies of globin mRNA were corrected for copy number (see Fig. 1C ).
homologous recombination in yeast. Southern analysis was carried out on DNA isolated from yeast containing the PBGD A ␥-YAC mutant (mut) or the wild-type human ␤-globin YAC (wt). The following five probes were used: (i) HS2 probe (EcoRI; 10.4 kb), (ii) ε probe (EcoRI; 3.7 kb) containing pSP73 vector sequences hybridizing to the YAC arm (Ya), (iii) 3Ј G ␥ probe (BstEII; 3.7 kb for wild type and 3.1 kb for PBGD A ␥), (iv) ␥ probe hybridized to G ␥ (EcoRI; 1.6 and 7.0 kb) and to A ␥ (EcoRI; 2.6 kb for wild type and 2.1 kb for PBGD A ␥), and (v) ␤ probe (SphI fragment) for the ␤-globin (EcoRI; 5.5 kb and 3.8 kb) and ␦-globin (EcoRI; 2.3 kb) genes. Analysis by PFGE was also carried out on KpnI or SfiI/SalI fragments, using probes for the YAC left arm (5), and ε-globin from human ε transgenic mouse blood (49) .
FACS analysis. Fluorescence-activated cell sorting (FACS) analysis was performed on blood from (C57BL/6J ϫ CBA/J)F1, ␤-YAC, and seven PBGD A ␥-YAC mouse lines according to the methods of Wallac/Isolab. Briefly, formaldehyde-glutaraldehyde-fixed cell pellets were suspended in 0.1% Triton X-100 solution (phosphate-buffered saline-0.1% bovine serum albumin [BSA]) and 1.5 g of biotin-conjugated anti-HbA antibody (Perkin-Elmer) per 100-l aliquot for 30 min. Pellets were washed in 0.01% Triton X-100 solution (phosphatebuffered saline-0.1% BSA) and suspended in 0.01% Triton X-100 solution and 2.5 g of fluorescein isothiocyanate-conjugated anti-HbF antibody and 0.1 g of allophycocyanin-conjugated streptavidin (BD Bioscience) per 100 l of cells for 30 min. Cells were then washed in 0.01% Triton X-100 solution and analyzed on a FACSCalibur flow cytometer, using CellQuest Pro v4.0.2 and WinMDI v2.8 software.
ChIP assay. Chromatin immunoprecipitation (ChIP) analysis was carried out on e12.5 total fetal liver cells (n ϭ 5 to 8/line) and on FACS-sorted adult erythroid marrow cells (n ϭ 3/line) of ␤-YAC, PY367, and PY465 transgenic mice. Erythroid precursors were sorted using MoFlo cell sorter with phycoerythrin (PE)-conjugated anti-Ter119 antibody (3). ChIP was performed according to the manufacturer's protocols, using antibodies raised against histone H3, acetylated histones H3 (K9 and K14) and H4 (K5, K8, K12, and K16), and dimethylated histone H3 (K4) (Upstate Biotech). Chromatin fragments were PCR amplified using Mx4000 multiplex quantitative PCR and Quantitech SYBR green and normalized on the Zfp37 gene (7) (see the supplemental material).
Methylation analysis. Genomic DNAs from e12.5 fetal livers of PBGD A ␥-YAC (n ϭ 4) and ␤-YAC (n ϭ 3) mice were purified by phenol-chloroform extraction. DNA digestions were carried out in consecutive reactions, first with enzyme EcoRI and second with a selected methylation-sensitive enzyme according to the region analyzed, i.e., HhaI, BsaAI, or HpaII, and then compared to total digestion with MspI. Digested DNAs were analyzed by Southern blotting using a ␤ probe (BamHI; positions Ϫ1461 to ϩ476) that cross-hybridizes with ␦ and/or a G ␥ probe (BglII/EcoRI; positions Ϫ1659 to ϩ1429) that recognizes A ␥. Quantification was done by densitometry (ImageQuant v5.0), and the ratio of cut to uncut DNA was normalized for probe length.
3C assay. 3C assay was performed as described previously (13, 57) , with modifications in cell preparation. Transgenic e12.5 fetal livers (n ϭ 3 or 4) were pooled and suspended in Dulbecco's modified Eagle's medium-10% fetal calf serum, and total bone marrow erythroid cells were purified by positive selection on an autoMACS separator with PE-conjugated anti-Ter119 antibody and anti-PE microbeads, producing a Ͼ90% homogeneous population. As a control template, equimolar amounts of the PBGD A ␥-YAC and the murine Pkd1-BAC (56) were digested with EcoRI and ligated. Ligation products (300 ng; n ϭ 3 pools/line for e12.5 embryos or n ϭ 3 mice/line for adults) from 3C experiments and a control template (20 ng) were PCR amplified. Samples were analyzed in 2.1% agarose gels, visualized by ethidium bromide, and quantified by densitometry (ImageQuant v5.0 software).
Statistical methods. Values are expressed as means Ϯ standard deviations (SD) or as medians Ϯ interquartile ranges when the distribution did not pass the D'Agostino and Pearson omnibus normality test. Unpaired two-sample Student's t test or the Mann-Whitney test was used for statistical analysis when two groups were compared, repeated-measure analysis of variance (ANOVA) and Tukey's multiple comparison test or the Kruskal-Wallis test and Dunn's posttest were used when three groups were compared, and the F test of slope was used to assess globin gene expression kinetics. In all statistical tests, P values of Ͻ0.05 were considered significant.
RESULTS

Generation of human PBGD
A ␥-YAC transgenic mice. To define the mechanistic implication of the A ␥ promoter in globin switching, the human ␤-globin locus contained in a 150-kb YAC was modified by replacing the A ␥-globin 5Ј untranslated region (5Ј-UTR)/promoter with the equivalently sized and stage-independent erythroid PBGD promoter, using homologous recombination. The PBGD promoter was chosen based on similarities in structural organization with the globin promoter and in regulatory factors involved in globin regulation (27, 38) . This modification was generated with the yeast integrating plasmid (YIp) pRS-PBGD A ␥ (Fig. 1A ). Once YIp integrity was confirmed by sequencing, it served to produce the modified YAC. Modified YAC integrants with proper integration of the PBGD promoter subsequently underwent homologous recombination for excision of the 5Ј-UTR/promoter of the A ␥-globin gene (Fig. 1A) . Extensive genomic structure analysis of recombinants was carried out by Southern blotting. PBGD A ␥-YAC recombinants (ϳ25%) showed the intended modification without alteration of other genes in the locus (Fig. 1B) .
Transgenic PBGD A ␥-YAC lines were produced and characterized by Southern blotting and PCR (Fig. 1C) . Seven lines integrated 1 to 10 intact copies of the complete transgene. Transgenic mouse progenies homozygous at the endogenous ␤-globin haplotype "diffuse" (␤ Major and ␤ Minor ) were maintained for RNA and protein analysis.
Altered onset of expression and kinetics of hemoglobin switching in PBGD
A ␥-YAC mice. To evaluate expression levels of the different genes of the locus, we performed quantitative real-time PCR on three PBGD A ␥-YAC lines (PY367, PY418, and PY465) and on control wild-type ␤-YAC mice. Analyses were carried out at different stages of development, from e10.5 to adult, for embryonic, fetal, and adult genes ( Fig. 2A and B ; Table 1 ). The three PBGD A ␥-YAC lines showed no significant difference throughout development in the ratio of the individual ␤-like globin genes as a function of total human ␤-like globin genes (P Ͼ 0.4).
Embryonic ε-globin expression levels were measured as a function of total human ␤-like globin expression in erythroid cells from e10.5 yolk sacs; e12.5, e14.5, and e16.5 fetal livers; newborn spleens; and adult bone marrows. As shown in Fig.  2A , ε-globin expression in PBGD A ␥-YAC lines was essentially comparable to that in wild-type ␤-YAC mice at all stages of development, indicating that ε-globin gene regulation was independent of PBGD A ␥ modification ( Fig. 2A ; Table 1 ). Each fetal gene's expression was analyzed individually in PBGD A ␥-YAC mice by determining the presence of the 5Ј-UTR of PBGD. As predicted for the PBGD promoter, A ␥ expression in PBGD A ␥-YAC mice was stable throughout development, from e10.5 to adulthood ( Fig. 2A) . This sustained expression differed from the repression of both indistinguishable ␥-globin genes in ␤-YAC mice at e12.5 and their near absence from e14.5 onward (Fig. 2A) . The expression pattern of the unmodified fetal G ␥ gene in PBGD A ␥-YAC mice was expected to follow that in ␤-YAC mice, but the gene was in fact significantly upregulated. While G ␥ expression at e10.5 appeared normal, expression at e12.5 and e14.5 was not decreased, as observed in ␤-YAC mice, but instead was increased by 50% in all three of the PBGD A ␥-YAC mouse lines relative to the level at e10.5 ( Fig. 2A) . This activation of the G ␥ globin gene at e12.5 and e14.5 contrasts with the ␥-globin (sum of G ␥ and A ␥) major repression of 10-and 25-fold, respectively, at these stages in ␤-YAC mice. In PBGD A ␥-YAC mice prior to birth, the G ␥ expression pattern displayed a progressive decrease without ever being silenced completely, even at several Fig. 2A) . This striking incomplete fetal globin switching was observed for all three transgenic lines, in contrast to the absence of expression by e14.5 in ␤-YAC mice (P Յ 0.0005) ( Fig. 2A ; Table 1 ). Expression analysis of adult genes showed altered switching and kinetic patterns. Analysis of ␦-globin gene and ␤-globin gene expression with specific primers was carried out at all stages of development. At e10.5, expression of the ␦-globin gene was virtually undetectable for both PBGD A ␥-YAC and ␤-YAC mice. Interestingly, in wild-type ␤-YAC mice, the ␦-globin gene relative to the adult ␤-globin gene (or total ␤-like globin genes) was expressed at low but stable levels from e12.5 until birth and increased ϳ10-fold in adulthood (Fig.  2B ). In the three PBGD A ␥-YAC transgenic lines, ␦-globin gene expression was detected from e12.5 to adulthood and was maintained at similar levels. However, the expression level was ϳ10-fold lower than that measured in control ␤-YAC mice until birth (P Ͻ 0.0005). Since ␦-globin expression was not activated in adult PBGD A ␥-YAC bone marrow, the level was decreased even further, ϳ100-fold, compared to that in adult controls (P Ͻ 0.002), showing that the PBGD A ␥-globin gene interfered with both the ␦-globin expression level and pattern. Quantitative adult ␤-globin gene expression at e10.5 as a function of total ␤-like globin was estimated at ϳ5% for ␤-YAC mice ( Fig. 2A) , whereas very low levels (Ͻ0.1%) were detected in PBGD A ␥-YAC mice ( Fig. 2A) , suggesting an impact of PBGD A ␥-globin at this early stage. At e12.5, adult ␤-globin gene expression (80%) was predominant over that of all ␤-like globin genes in control ␤-YAC mice. By then, adult globin switching had essentially occurred. In contrast, adult ␤-globin gene expression was only becoming activated in PBGD A ␥-YAC mice at the same stage. The delay in activation from e12.5 until birth corresponded to a fivefold decrease in kinetics of adult ␤-globin gene expression for the PBGD A ␥-YAC transgenic mouse lines relative to control mice (P Ͻ 0.0001). At birth, the adult ␤-globin gene expression levels (ϳ65%) were below those measured at e12.5 for ␤-YAC mice, thereby undergoing a delay of Ͼ8 days. In fact, the maximum level (80%) of adult ␤-globin gene expression in the three PBGD A ␥-YAC lines was reached only in adulthood ( Fig. 2A; Table 1 ). Although adult ␤-globin gene expression in PBGD A ␥-YAC mice was severely impaired (P Ͻ 0.0005), that of ␦-globin was even more markedly repressed, suggesting that PBGD promoterdriven A ␥-globin had a profound impact on adult gene regulation.
In parallel to the globin RNA expression pattern, we also monitored globin chain protein expression from peripheral red blood cells (RBCs) at all development stages for ␤-YAC mice and three PBGD A ␥-YAC lines (n ϭ 2 to 5 per line), including P2 to P21 (alternating days) for two PBGD A ␥-YAC lines (n ϭ 3). The delay in RNA to protein expression for fetal-to-adult switching was ϳ3 to 4 days for ␤-YAC mice (ϳe11.5 to e15.5) and ϳ11 to 14 days for PBGD A ␥-YAC mice (ϳe17.5 to P10) ( Fig. 3A and B and data not shown). For both ␤-YAC and PBGD A ␥-YAC fetuses, ε-globin protein levels were detectable until e14.5, indicating that some peripheral RBCs of embryonic origin from yolk sacs were still circulating, as observed previously (20) .
Unlike the case for RNA analysis of ␤-YAC mice, A ␥ and G ␥ chains can be distinguished by protein expression analyses for A ␥-YAC mice, from embryonic to newborn (NB) to adult (Ad) stages. Each human globin gene's expression was quantified and reported as a percentage relative to total human ␤-globin gene expression (Ϯ SD). Expression levels were determined for ␤-YAC mice at embryonic/fetal (n ϭ 3), newborn (n ϭ 3), and adult (n ϭ 2) stages and for PBGD A ␥-YAC mouse lines (PY367, PY418, and PY465) (mean of 2 or 3 samples/line) at embryonic/fetal (n ϭ 9), newborn (n ϭ 7), and adult (n ϭ 8) stages. (B) The ratios of ␦-globin/␤-globin gene expression at embryonic to adult stages were quantified with specific primers, using the samples obtained for panel A from ␤-YAC mice and PB-GD A ␥-YAC lines. The P values were determined by Student's t test. ‫,ء‬ P Ͻ 0.002; ‫,ءء‬ P Ͻ 0.0005; ‫,ءءء‬ P Ͻ 0.0001. (Fig. 3) . At e10.5, both wild-type and mutant mice displayed similar patterns of higher G ␥ and A ␥ chain levels. Interestingly, G ␥ was the major protein chain at the fetal stage, as in humans, supporting the observation that PBGD A ␥ substitution had no marked impact on fetal globin expression in primitive erythropoiesis. From e12.5 on, however, the pattern of fetal chains in PBGD A ␥-YAC mice differed from that in ␤-YAC mice. In ␤-YAC mice, G ␥ protein expression levels were more elevated than those of A ␥ chains, but at e14.5 both fetal chains decreased, reaching equivalent levels, and were gradually replaced by the adult ␤-globin chains. By e16.5, both ␥ chains had barely detectable levels in ␤-YAC mice. In contrast, the PBGD A ␥-YAC mice showed significant activation of G ␥ compared to A ␥ from e12.5 on, and G ␥ remained the major protein even after birth, until ϳP10 (data not shown). Noticeably, at several months of age, levels of both ␥ chains from peripheral blood represented 40 to 50% of human ␤-like chains.
Concomitant with sustained fetal chain expression throughout development, the onset of ␤ protein expression was delayed in PBGD A ␥-YAC mice compared to that in control ␤-YAC mice (Fig. 3) . Furthermore, the kinetics of ␤-globin chain expression were altered. Maximum levels were obtained in adulthood. While expression of the ␦-globin chain was readily detectable in adult ␤-YAC mice, representing 2.8% Ϯ 0.7% of total ␤-globin, it was virtually undetectable in PBGD A ␥-YAC mice at all stages, suggesting severely impeded ␦-globin regulation.
Pancellular expression of fetal and adult ␤-globin in adults. To assess whether the expression of ␥-and ␤-globin genes observed in adult PBGD A ␥-YAC mice was pancellular or in two distinct cell populations, RBCs of all seven transgenic lines were analyzed by flow cytometry. Two antibodies, anti-human HbA and anti-human HbF, were used to specifically recognize hybrid tetramers ␣ 2 mu ␤ 2 hu and ␣ 2 mu ␥ 2 hu , respectively, but not murine hemoglobin, as shown by analysis of wild-type nontransgenic mice (Fig. 4) . Expression of human ␤-globin (HbA ϩ ) at the adult stage was detected in 70 to 80% of RBCs from all transgenic lines as well as from ␤-YAC mice, suggesting that expression distribution is not copy number dependent. Noticeably, the expression of human ␥-globin (HbF ϩ ) was observed in 85 to 100% of RBCs from the seven PBGD A ␥-YAC lines. Lines with two copies of the transgene and above displayed a slight increase in the proportion of ␥-expressing cells, likely due to a shift to higher HbF signal intensities (Fig.  4B) .
Chromatin modification of globin genes in PBGD A ␥-YAC and ␤-YAC mice. Differences in globin gene regulation patterns, in particular that of the G ␥ gene, in PBGD A ␥-YAC and ␤-YAC mice prompted us to analyze chromatin status and its potential role. Since our results at e12.5 showed that PBGD A ␥-YAC mice expressed essentially ␥, whereas ␤-YAC mice expressed ␤ (Fig. 2) , we selected fetal liver cells at e12.5 during development and erythroid bone marrow precursors in adults for these experiments. ChIP analysis was performed to monitor the methylation and acetylation status of both fetal and adult promoters (Fig. 5A) . Analysis was carried out with two PBGD A ␥-YAC lines (PY367 and PY465) and ␤-YAC mice. Total occupancy by histone H3 for both the G ␥ and PBGD A ␥ promoters was slightly but significantly reduced (37% and 87%) in comparison to that for ␤-YAC mice. However, relative enrichments of histone H3 modification in fetal G ␥ and PBGD A ␥ promoters were detected for K9/K14 acetylation (ϳ2-and 4-fold, respectively) and for K4 dimethylation (ϳ2-and 3-fold, respectively) compared to the two ␥ promoters in the ␤-YAC mouse (Fig. 5A) . For the adult ␤-globin gene promoter in PBGD A ␥-YAC and ␤-YAC mice, similar levels of histone H3 occupancy and of histone H3 and H4 modification were detected. In addition, similar analysis was performed on FACS-sorted erythroid precursors (CD71 ϩ Ter119 ϩ ) from adult bone marrows of PBGD A ␥-YAC transgenic mice (PY367 and PY465) and control ␤-YAC mice (n ϭ 3 for each line). No significant difference was measured in chromatin status for the native G ␥ or ␤ promoter for PBGD A ␥-YAC or ␤-YAC lines (data not shown). These data for PBGD A ␥-YAC mice suggest that chromatin modifications may contribute to altered fetal gene regulation.
To evaluate whether differences in transcriptional regulation patterns were associated with DNA modification, the methylation profile of CpG dinucleotides was monitored in fetal and adult globin gene regions. The percentage of methylation (5-methylcytosine [m5C]) was quantified from e12.5 DNA fetal livers at characterized methylation-sensitive restriction sites (HpaII, HhaI, or BsaAI) of G ␥, A ␥, ␦, or ␤ promoter regions. The G ␥ distal Ϫ1410 site (HhaI) was heavily methylated to similar levels for both PBGD A ␥-YAC and ␤-YAC mice (Fig.  5B) . In contrast, the G ␥ proximal Ϫ54 site (HpaII) showed a significant threefold decrease in m5C for the PBGD A ␥-YAC compared to ␤-YAC fetal livers, consistent with the ongoing active transcription in PBGD A ␥-YAC mice (Fig. 5B) . Notably, the PBGD CpG-rich promoter also displayed very low m5C levels, comparable to those at the G ␥ proximal site in PBGD A ␥-YAC mice, whereas high m5C levels were detected at the barely active A ␥ or G ␥ proximal Ϫ54 site (HpaII) in ␤-YAC fetal livers (Fig. 5B and data not shown) . At the ␦ coding sequence site (ϩ469), methylation was above 90% in both PBGD A ␥-YAC and ␤-YAC mice. The ␤-globin gene was monitored at three sites (Ϫ1791, Ϫ268, and ϩ471), and the two distal sites did not show significant differences in m5C levels between PBGD A ␥-YAC and ␤-YAC fetal livers. While the ϩ471 site in the ␤-globin coding sequence remained highly methylated in PBGD A ␥-YAC mice, correlating with virtual inactivity of ␤-globin, it was ϳ50% demethylated in the ␤-YAC mice expressing essentially adult human ␤-globin. For both PBGD A ␥-YAC and ␤-YAC mice, the ␤-like globin gene DNA demethylation profile corresponded to the gene activation pattern.
Sequestration of the LCR at the PBGD promoter leads to sustained activation of G ␥-globin. To gain insight into the process underlying sustained activation of fetal genes at the expense of adult ␤-globin expression in PBGD A ␥-YAC mice, we carried out 3C analysis. Interactions of individual globin genes of the locus with the LCR were analyzed in e12. Fig. 6) . As a control for nonspecific cross-linking, we measured interactions between the LCR and exon 15 of the murine Pkd1 gene. No product was detected, which confirmed the specificity of interactions detected within the locus (data not shown). At e12.5, the LCR showed little to no association with ε for both ␤-YAC and PBGD A ␥-YAC transgenic mice. However, the LCR showed a strong association with the entire fetal domain, from G ␥ to PBGD A ␥, including the intergenic region between the two fetal genes, for PBGD A ␥-YAC transgenic mice that was significantly higher than the interaction measured for the ␤-YAC locus (P Ͻ 0.002) (Fig. 6A) . In contrast to interactions observed for the PBGD A ␥-YAC locus, we detected a strong LCR association with the entire adult domain, from the ␦ to ␤ globin genes, in ␤-YAC mice (P Ͻ 0.002) (Fig. 6A) . At the adult stage, the interaction of the LCR and the fetal domain was still significantly higher in PBGD A ␥-YAC mice than in ␤-YAC mice (P Ͻ 0.03), supporting the presence of a sustained interaction in erythroid cells throughout development. Additionally, in PBGD A ␥-YAC mice, the LCR is in close proximity to the entire adult globin domain, with no significant difference from the wild-type locus (P ϭ 0.3), including the ␦-globin gene, despite a virtual absence of transcriptional activity. Interestingly, the LCR also showed a strong association with 3ЈHS for both ␤-YAC and PBGD A ␥-YAC transgenic mice at the adult stage only, comparable to that observed for the adult globin domain, but it was not detected at e12.5 for ␤-YAC transgenic mice.
DISCUSSION
Our study provides new evidence on the hemoglobin switching mechanism by functional characterization of the fetal stage-specific promoter of the A ␥-globin gene. Replacement of the A ␥-globin promoter by the erythroid-specific and stageindependent PBGD promoter in a YAC containing the human ␤-globin locus results in a strong deferred fetal-to-adult globin switch that occurs near birth instead of midgestation, as nor- mally observed in transgenic mice and at the mouse ␤-globin locus. This pattern is reminiscent of human globin gene switching. Importantly, the induced critical upregulation of unmodified fetal G ␥-gene expression from the PBGD A ␥-YAC locus in definitive erythropoiesis inversely influences the adult ␤-globin genes and reveals a coordinate control mechanism for the fetal genes. The spatial conformation of the PBGD A ␥-YAC locus in the fetus displayed parallel LCR interactions with both genes of the fetal domain, at the exclusion of the adult domain. These results led us to propose a model in which a gene pair forms a bigenic conformational subdomain through contact interactions with the LCR for coordinated expression regulation.
The globin expression pattern of the PBGD A ␥-YAC locus was markedly altered during development/adulthood, with the exception of the ε-globin gene. The proper expression pattern of the ε-globin gene in the PBGD A ␥-YAC mice demonstrates its regulatory independence from the other genes of the locus and supports an autonomous control mechanism. However, expression of the modified fetal A ␥-globin gene in the locus at similar levels from embryonic through adult stages significantly impacted the expression of the other fetal and adult genes. Indeed, the unmodified fetal G ␥-globin gene, normally silenced in fetal definitive erythropoiesis, in contrast was induced, despite the presence of repressive signals/factors that bind in the vicinity of this gene (31, 34, 41) . Interestingly, this particular expression pattern of the fetal G ␥-globin gene almost mimics human embryonic-fetal switching in the mouse. At birth/late gestation, the important repression, although not complete, of the fetal G ␥ gene pointed to the existence of distinct neonatal silencing or of competitive elements in these late developmen- FIG. 5 . Epigenetic analysis at fetal and adult globin promoters in e12.5 fetal livers. (A) ChIP assays performed on e12.5 fetal livers from two PBGD A ␥-YAC lines (PY367 and PY465) (white bars) (n ϭ 9 to 13) and the control ␤-YAC line (black bars) (n ϭ 7), using specific antibodies for histone H3 (H3), the acetylated forms of histone H3 (H3ac) and H4 (H4ac), and the K4-dimethylated form of histone H3 (H3me). Enrichment of histone acetylation/methylation (y axis), determined at the ␥-globin promoters (for ␥, positions Ϫ158 to ϩ53; and for PBGD A ␥, positions Ϫ167 to ϩ47) and at the ␤-globin promoter (positions Ϫ146 to ϩ36) for ␤-YAC and PBGDA␥-YAC lines, is depicted in the histogram as the median of ratios relative to the control gene Zfp37 Ϯ the interquartile range, normalized on total H3 for both H3ac and H3me modifications. The P values were determined by Kruskal-Wallis and Mann-Whitney tests. * , P Ͻ 0.01; ** , P Ͻ 0.002; *** , P Ͻ 0.0001. (B) ␥-and ␤-globin promoter DNA methylation status was assessed in e12.5 fetal livers from two PBGD A ␥-YAC lines (PY418 and PY367) (n ϭ 4 [2/line]) and the control ␤-YAC line (n ϭ 3). The histograms show CpG dinucleotide methylation at each locus coordinate, with localization relative to the ϩ1 initiation site indicated in parentheses, as percentages Ϯ SD of the undigested methylated HpaII (H), HhaI (Hh), and BsaAI (B) sites from EcoRI (E) globin promoter fragments. The P values were determined by Student's t test. * , P Ͻ 0.002. tal stages and suggests the occurrence of two uncoupled negative regulatory mechanisms for the fetal genes. These negative fetal expression patterns likely result in part from an autonomous silencing mechanism, but for a gene pair (65) . The sustained fetal G ␥-globin gene expression pattern is unlikely to be caused by the PBGD promoter itself (at a distance of 2.5 kb), but rather by the expression of the A ␥-globin gene. Such coordinated fetal regulation has previously been observed in A ␥(mutDR)-YAC mice with costimulation of A ␥ and G ␥ expression (41) and in humans, by A ␥-HPFH mutants associated with adult activation of G ␥ expression (22, 45) or by an A ␥ promoter deletion associated with a neonatal decrease in expression of G ␥ (12). In parallel with this delayed silencing/ repression of the fetal gene pair in the PBGD A ␥-YAC locus, the markedly slower induction kinetics of adult ␤-globin gene expression led to neonatal fetal-to-adult globin switching, strengthening a reciprocal or antagonistic role with the active fetal genes. While the adult ␤-globin gene never fully reached the typical maximal expression of the wild-type locus, the severely reduced expression of ␦-globin throughout life suggests that ␦-globin transcriptional potential as well could not overcome the active fetal genes. Similar inverse relationships of low ␦-globin expression (or HbA 2 ) and high ␥-globin expression (or HbF) in erythrocytes have been reported for individuals with different HPFH mutations, thalassemia, or stress erythropoiesis (62), thereby providing further evidence for a model of competition between the fetal and adult gene pairs.
The altered globin expression pattern at the fetal stage for the modified YAC was associated with differences in chromatin epigenetic status for the two fetal promoters as well as with direct DNA modification. The chromatin signature of histone modifications (H3 and H4 acetylation) at the ␤-globin promoter for the modified and wild-type globin YAC locus highlighted an open chromatin conformation but displayed no strict concordance with gene expression levels. These data suggest that chromatin organization at these promoters may be a major predeterminant in the transcriptional regulation of the globin locus but is not sufficient to control transcriptional levels of activation (7, 64) . It is possible, however, that the globin transcription status could correlate with a particular distribution of histone modifications in other gene regions or with intergenic transcription (24, 40, 46) . Since the structure of an open chromatin state within the globin promoters occurs independently of gene transcriptional activation (4, 30, 48) , it raises questions about critical epigenetic switches and chromatin regulators. Independently of histone modifications, the decreased levels of CpG methylation within the proximal promoters and/or the coding sequences of the globin genes correlated with a transcriptionally active state, as proposed from MEL cell experiments (18) . Interestingly, the difference in CpG demethylation levels for modified and wild-type YAC loci was more pronounced for fetal than adult genes. This observation at e12.5 may result from a more dynamic de novo methylation process than that of DNA demethylation, which would mainly affect the wild-type YAC locus (37, 61) . While our analysis does not directly address whether DNA methylation status is a consequence or a regulator of the transcriptional activity of the locus, it would be consistent with the reported evidence that ␥-globin promoter methylation promotes ␥ silencing (23, 29, 52) .
The spatial conformation between the LCR and the different genes of the PBGD A ␥-YAC and ␤-YAC loci provided novel insights into the regulatory globin switching mechanism. The strong LCR affinity for the PBGD promoter determined by 3C at e12.5 suggested that the PBGD promoter could form a functional complex. Evidence for this interaction was obtained by A ␥-globin expression at a comparable range to that for ␤-YAC mice at e10.5. This interaction was sustained in adulthood by similar LCR physical proximity to the PBGD promoter within the fetal subdomain. In addition, the high crosslinking frequency of the intergenic G ␥-A ␥ region with the LCR in modified YAC mice parallels fetal gene expression and indicates that it could play a potential mechanistic role. At e12.5, the contrast of LCR's close proximity to the highly transcribed ␥-globin genes and the lack of LCR interaction with the minimally expressed ␤-globin in the modified YAC compared with the wild-type YAC strongly supports a competition model between the fetal and adult genes for interaction with LCR. The LCR exclusion from the ␤-globin region in the modified YAC was abrogated in adulthood and likely resulted from a late gain or loss of activators/repressors at either the LCR-adult or LCR-fetal genes, leading to increased interaction of the LCR for the adult ␤-globin genes, to the detriment of the ␥ genes. An interesting finding was the equivalent frequency and strong proximity of the LCR to the ␦-globin fragment in adulthood for both the wild-type and modified YACs. Considering that the modified YAC had a very low ␦-globin expression level, this suggests that this region might act as an anchor point for the LCR to stabilize expression at the adult stage rather than favoring ␦-globin gene expression. This highly reproducible ␦-globin interaction in the vicinity of the reported binding region of the PYR/Ikaros chromatin remod- A ␥ for LCR interaction in a monogenic or onegene-at-a-time mechanism. Our data argue that the LCR can recruit and cooperate with two genes or a gene pair in a bigenic conformation and are compatible with alternating ␥-or ␤-globin gene transcription, as shown by Wijgerde et al. (63) . Hence, this study favors a bigenic conformation mechanism for hemoglobin switching where the G ␥ and A ␥ genes cooperate to form the fetal ␥-genic subdomain and the ␦ and ␤ genes form the adult ␤-genic subdomain. Additional support for a gene pair simultaneously binding the LCR was also provided by similar LCR proximities to the fetal G ␥-intergenic region-PBGD A ␥ region in a modified YAC and to the adult ␦-intergenic region-␤ region in the wild-type YAC. This model also corroborates previous experiments reporting LCR dual and/or concomitant promoter activation in human and murine ␤-globin loci (8, 28 ). An individual bigenic subdomain could become intertwined within the LCR complex in a niche or hub to stabilize the open chromatin for concurrent gene activation of a corresponding subdomain (Fig. 7) . Interaction of the LCR with each subdomain likely consists of major anchor points within the transcriptionally active genes and/or intergenic regions that could serve to position the LCR in the most stable and sterically appropriate configuration for efficient activation by the transcriptional machinery. At the developmental switching stages, dynamic alternate transcription between the fetal and adult bigenic conformations is supported from the coexpression of the fetal and adult genes in adult red cells with the modified YAC, since no distinct cell populations expressing either ␥ or ␤ were detected. Moreover, silencing of the fetal bigenic subdomain likely depends on at least two uncoupled negative regulatory mechanisms, i.e., mutual autonomous silencing and repression by competition with the adult bigenic subdomain. Our results for impaired fetal silencing at e12.5 in the modified YAC, despite the presence of all factors sufficient for adult gene activation, show a preferential fetal over adult bigenic conformation that is in accordance with the critical role played by gene order for temporal activation of the most proximal globin genes by the LCR (2, 25, 26, 55, 65) . Interestingly, the comparable negative regulation pattern for native G ␥ in the modified YAC in the late fetal/neonatal stage to the reported FIG. 7 . Schematic model of LCR interactions with active globin conformational subdomains at e12.5 and adult stages. In the YAC-␤-globin locus (top), the LCR at the e12.5 and adult stages has affinity for the adult bigenic subdomain, which may be stabilized by anchor points at ␦-globin/␦ upstream region and/or the ␦-␤ intergenic region for proper interaction with the adult ␦-and ␤-globin genes in a niche. In PBGD A ␥-YAC mice at e12.5 (middle), the LCR is recruited to the fetal bigenic subdomain. Interaction of the LCR with the PBGD promoter upstream of the A ␥-globin gene could also serve as an anchor point, favoring activation of the unmodified G ␥-globin gene and preventing activation of adult ␤-globin genes by steric exclusion from the niche. At the adult stage (bottom), the higher expression levels argue that the LCR shuttles preferentially between the fetal conformational subdomain and the PBGD A ␥ and adult ␤-globin genes, and occasionally to the natural adult ␦-and ␤-globin bigenic conformational subdomain (not illustrated). (14, 54) suggests a progressive mechanism for the ␥-globin genes in mutual autonomous silencing. Since adult bigenic subdomain activation in the wild-type locus is of rapid onset and kinetics in transgenic mice, we speculate that a competition mechanism in the early switching stage appears to be a major contributor to the switch from the fetal to adult globin bigenic conformation and would persist into adulthood. The existence of different anchor points in bigenic conformational subdomains of the globin locus that compete for LCR interactions could then be modulated to stimulate the fetal bigenic pair and thereby antagonize adult subdomain activation. Hence, targeting specific physical interactions within a subdomain should open novel avenues for therapy of ␤-thalassemia and sickle cell anemia.
Our results show that ␥-globin promoters are critical regulators of the fetal-to-adult hemoglobin switching onset and kinetics in definitive erythropoiesis. Importantly, this study provides evidence for a bigenic conformational model where a gene pair intertwined with the LCR forms an open chromatin niche for coactivation.
